Abstract. The relative role of transmission of Toxoplasma gondii infection from cats to humans appears to have recently increased in certain areas. Large-scale screening of oocyst shedding in cats cannot rely on microscopy because oocyst identification lacks sensitivity and specificity, or on bioassays, which require test animals and weeks before examination. We compared a sensitive and species-specific coprologic-polymerase chain reaction (copro-PCR) for detection of T. gondii infected cats with microscopy and a bioassay. In experimentally infected cats followed over time, microscopy was positive occasionally, and positive copro-PCR and bioassay results were obtained continuously from days 2 to 24 postinfection. The copro-PCR is at least as sensitive and specific as the bioassay and is capable of detecting infective oocysts during cat infection. Therefore, this procedure can be used as the new gold standard for determining potential cat infectivity. Its technologic advantages over the bioassay make it superior for large-scale screening of cats.
INTRODUCTION
Toxoplasma gondii, an obligatory intracellular protozoan parasite, is the cause of toxoplasmosis, a major zoonosis. It can probably infect all warm-blooded animals and humans, which become infected by ingesting tissue cysts from infective undercooked meat or by consuming food or drink contaminated with oocysts excreted by cats, the definitive host for the parasite. 1 Although most persons infected after birth are asymptomatic, 2 a small percentage develop mild to severe clinical manifestations involving fever, malaise and lymphadenopathy in mild cases, 2 mental illness 3 and ocular disease 4 in moderate cases, and severe manifestations among infected pregnant women resulting in abortions, stillbirths, or liveborn children with ocular or central nervous system impairment. 5 Lastly, severe and even fatal disease with pulmonary and multivisceral involvement, possibly from more virulent types of the organism, may occur in postnatally infected persons. 6 Specifically, toxoplasmosis ranks high on the list of diseases that lead to death in patients with acquired immunodeficiency syndrome (AIDS); approximately 10% of AIDS patients in the United States and up to 30% in Europe are estimated to die from toxoplasmosis. 7 Serum antibody measurement by using various serologic tests is now commonplace for determining past exposure. Foci of high human seroprevalence exist in Latin America (77% in Brazil), 8 parts of eastern and central Europe (57.6% in Romania), 9 the Middle East (63.9% in Iran), 10 parts of southeast Asia (49% in Malaysia), 11 and Africa (60% in Côte d'Ivoire). 12 However, a trend towards a lower seroprevalence is observed in many countries in Europe (8.2% in Switzerland) 13 and in the United States (14% in 1988 and 9% in 2004). 14 Although the authors of a large multicenter European casecontrol study of toxoplasmosis in pregnant women published in 2000 15 concluded that 30-63% of infections in different centers were attributed to consumption of undercooked or cured meat products and 6-17% were attributed to soil contact, other studies during the same period showed that the seroprevalence of T. gondii in meat-producing animals are decreasing considerably in areas with intensive farm management, where increased measures of biosecurity are undertaken to prevent exposure to cats and their excreta. Thus, seroprevalence decreased from 5.6% to 0.38% in pigs in Europe 16 and from 23.3% to 3% in the same animals in the United States. 14 The decreasing seroprevalence in food animals in these areas is not paralleled by a comparable magnitude of decrease in human seroprevalence, which suggests that the relative role of cats in the epidemiology of human Toxoplasma infection is probably of greater importance than is hitherto recognized. This finding is probably caused by feline fecal oocyst contamination of human food and/or water, 17 which could be taking place in addition to direct transmission to people from pet cats. A suitable tool for identifying infective cats should facilitate the evaluation of this matter.
Cats have been shown to excrete T. gondii oocysts for a limited and relatively short period when a primary infection takes place. 1, 18 During this period, lasting for approximately 2-3 weeks, millions of oocysts are passed in the stool daily. 19 After a period outside the host, the oocysts sporulate and become infective to mammals and birds. 20 Excretion of fewer oocysts occasionally occurs in reinfected cats. 1, 20 Historically, infective cats have been identified by microscopy for the detection of the oocysts, approximately 10-13 µm in diameter, in their feces. Because the sensitivity of this method is low, detection is problematic when small oocyst numbers prevail, as after infection with some strains or after cats are infected by the tachyzoite or oocyst stages of this parasite. 21, 22 Furthermore, oocysts of other coccidian parasites appearing in cat feces, such as those of Hammondia hammondi, may not be differentiated microscopically from T. gondii . 23 Conversely, bioassay in mice is species specific and sensitive for detection of T. gondii oocysts. 24 However, bioassay not only introduces a possible biohazard element, but is also expensive, requires infection of animals, facilities for their maintenance, and is time consuming.
1 These features make bioassay unsuitable for large-scale screening. Investigators 25, 26 have experienced some of these problems, specifically caused by the lack of a practical method for differentiation of T. gondii oocysts from oocysts of coccidia of similar morphology, when attempting to determine the rate of T. gondii oocyst shedding by cats.
In a previous report, we described a sensitive and specific polymerase chain reaction (PCR) assay for detection of T. gondii DNA in feline feces. 27 This coprologic-PCR (copro-PCR) uses primers that amplify a 529-basepair sequence that is present 200-300 times in the T. gondii genome. Although this report described a valid test for T. gondii detection, a comparative analysis was still required. The objective of the present study was to determine copro-PCR detection sensitivity, timing, and consistency, and the stage of T. gondii detected in comparison with traditionally used coprodetection methods (microscopy and bioassay).
MATERIALS AND METHODS

Animals.
Cats. Three female laboratory cats (1.5 years of age) were obtained from the Hebrew University Animal Authority and housed in an animal facility under standard conditions. The laboratory cats were used to follow T. gondii infection over a period during which different T. gondii coprologic detection methods were used (kinetic study) and compared.
Mice. Outbred Sabra female mice (6-8 weeks of age and weight = 20-25 grams) were housed at the Animal Unit, Hadassah Medical School, Hebrew University of Jerusalem. They were used for detecting T. gondii in cat feces by bioassay.
Permission for experiments regarding mice and cat infections in Israel was obtained from the Ethics Committee for Animal Experimentation of the Hebrew University of Jerusalem.
Parasites and parasite DNA. Sporulated oocysts of the VEG strain of T. gondii were provided by Dr. J. P. Dubey (U.S. Department of Agriculture, Beltsville, MD) and stored in 2% sulfuric acid at 4°C. They were employed to infect mice used as a source of tissue cysts to later infect experimental cats in the kinetic study. They were also employed for spiking negative feces in copro-PCR experiments that used different parasite harvest conditions for differentiating oocysts from nonencysted forms in cat feces.
Fresh tachyzoites derived from mice ascitic effusions were provided by the Toxoplasma Laboratory, Ministry of Health, Abu Kabir, Tel Aviv. They were employed for spiking fecal samples in copro-PCR experiments by using different parasite harvest conditions to differentiate oocysts from non-encysted forms in cat feces. They were also used as a DNA source for a T. gondii -positive PCR control.
Fecal samples. Negative samples. Pooled negative fecal samples for T. gondii were collected from laboratory cats kept by Professor V. Svobodova (University of Brno, Brno, Czech Republic) for spiking experiments to differentiate oocysts from non-encysted forms in cat feces. They were taken from cats seronegative for T. gondii as determined by two indirect immunofluorescent tests and were free of Toxoplasma -like oocysts as determined by light microscopy.
Fecal samples from experimentally infected cats. Fecal samples from each of three separately housed infected laboratory cats used in the kinetic study were collected daily (days 1-35) from their litter boxes after feeding them with mouse tissue cysts. Selected samples collected during this time were examined for T. gondii by different coprologic detection methods. Fecal samples from each cat were divided on each day. One gram was stored at 4°C for PCR and the rest (usually 5-10 grams) was used for detecting oocysts by microscopy and bioassay.
Infection of mice and cats. Cats were infected orally with T. gondii tissue cysts derived from parasite-containing mice brains. These mice were infected by gavage two months earlier by using oocysts of the VEG1 strain. Presence of infection in these mice was ascertained by isolating DNA from brain material (DNeasy tissue extraction kit; Qiagen, Valencia, CA), followed by PCR analysis using the 529-basepair fragment amplification. In addition, a modified agglutination test (MAT) as described by Dubey and Desmonts 28 was used on serum samples and diluted 1:25 from infected mice whose brains were used for infecting cats in the kinetic experiment. Cats were bled on the day of infection and 35 days later. Their serum samples were tested for antibodies against T. gondii at a dilution of 1:25 by using the MAT.
28
Coprologic diagnosis of T. gondii -infective cats. Flotation of oocysts was used to concentrate oocysts in the upper fluid portion and thereby reduce the amount of potential PCR inhibitors found in feces. 29 The flotate was used for coprologic detection of T. gondii by microscopy, bioassay, and copro-PCR. Prior to oocyst flotation, fecal samples were washed repeatedly with double-distilled water. Oocyst flotation was carried out according to the procedure of Dubey and Beattie. 1 Sheather's solution (106 grams of glucose, 100 mL of double-distilled water, 0.8 mL of liquid phenol; specific gravity = 1.27) was used for oocyst flotation. One volume of Sheather's solution at least equal to that of the fecal sample was added to each sample, vortexed briefly, and centrifuged for 15 minutes at 1,000 × g . Flotates were further treated as described below to prepare them for each of the coprologic detection assays used.
Coprologic diagnosis by microscopy. Fecal samples were examined for sporulated or unsporulated Toxoplasma oocysts after flotation. Examination of oocysts was performed by using light microscopy. A wire loop (diameter = 6 mm) was used to touch the surface of the sample flotate after centrifugation, and the sample was examined at 400× magnification.
Coprologic diagnosis by bioassay. Fecal samples from the infected cats were collected at various times, and their fecal Sheather's floats were prepared according to the procedure of Dubey and Beattie. 1 Five milliliters of the stored flotate were washed twice and the pellet was suspended in a final volume of 1 mL of double-distilled water. Approximately 0.2 mL was individually introduced by gavage into each of three mice. Mice were bled before infection and 56 days later at the time they were killed. The serum samples were examined by MAT at a dilution of 1:25. A PCR was also performed on portions of brains from all mice, as described below, to identify infection with T. gondii . Identification of T. gondii tissue cysts by squash smears of brains was not used because PCR was expected to be more sensitive and objective. 30, 31 Mice were considered infected with T. gondii when PCR results were positive for T. gondii or when seroconversion occurred.
Coprologic diagnosis by PCR. DNA extraction. After Sheather's flotation of feces, supernatants were carefully removed into new tubes, approximately five volumes of double-distilled water was added to each sample, and the samples were centrifuged at 2,000 × g for 15 minutes. The pellets underwent oocyst disruption in 200 µL of buffer ASL in the QIAamp DNA Stool Mini Kit (Qiagen) at the disruption conditions selected as described above.
For DNA extraction after oocyst disruption, 1.2 mL of buffer ASL for DNA extraction was added according to the manufacturer's instructions with two modifications. Digestion with proteinase was carried out at 60°C for 1 hour instead of 10 minutes, and elution of DNA from spin columns was performed twice instead of once. The final elution volume was 200 µL per sample. The DNA samples obtained by extraction were stored at −20°C until examined.
Toxoplasma gondii PCR. Polymerase chain reactions containing T. gondii -specific primers TOX4 (5¢-CGCTGCAGGGAGG AAGACGAAAGTTG-3¢) and TOX5 (5¢-CGCTGCAGA CACAGTGCATCTGGATT-3¢) were used from the 5¢ and 3¢ ends of the 529-basepair repeated sequence, 32 respectively. The PCR mixtures contained 0.2 mM of each primer, 100 µM of dNTPs (Fermentas Inc., Hanover, MD), 60 mM Tris-HCl, pH 9.0, 15 mM (NH 4 ) 2 SO 4 , 2 mM MgCl 2 , and 1 unit of Biotaq (Bioline, Randolph, MA) per reaction. Amplification was performed on a PTC-150 Minicycler Thermocycler (MJ Research Inc., Waltham, MA) with initial denaturation for 7 minutes at 94°C, followed by 35 cycles for 1 minutes at 95°C, 1 minute at 60°C, 1 minute at 72°C, and a final incubation for 10 minutes at 72°C. The PCRs were carried out in 50-µL mixtures containing 10 µL of sample extract. The PCR amplification products were subjected to electrophoresis on 1.1% ethidium bromide agarose gels. A molecular mass 100-basepair size standard (New England Biolabs, Beverly, MA) size marker and a positive control containing purified DNA equivalent to 5 T. gondii tachyzoites were included. A negative control containing no DNA was also included by adding equivalent volumes of only double-distilled water.
Identification of the T. gondii DNA source (parasite stage) from fecal samples. We attempted to establish whether the copro-PCR was detecting parasitic DNA entirely of oocyst origin or non-encysted, intra-epithelial, and free parasitic forms. This distinction is important for determining whether an examined cat is potentially infective.
Given that prior to DNA extraction for the copro-PCR, steps of flotation and mechanical disruption of the oocysts were included; we investigated whether deleting these steps would enable differentiating encysted from non-encysted forms. Thus, the extraction method was modified to exclude the flotation and/or mechanical disruption steps, and the experiment included comparison of a fecal sample from an infected cat (copro-PCR positive) with samples of T. gondiinegative feces spiked with encysted forms (oocysts) or with non-encysted forms (tachyzoites) of T. gondii .
Oocysts (0, 100, and 200) were spiked into 200 µL of negative feline feces. Tachyzoites (0, 100, and 500) were also added into negative feline feces. A fecal sample from an infected, copro-PCR-positive cat was taken from the kinetic study. A PCR was carried out for detecting T. gondii DNA and cat DNA as a control for indicating presence of cat epithelial cells.
Specifically, PCR for cat-specific DNA was performed to establish whether DNA from feline intestinal epithelial cells was retrieved from feces by applying harvest conditions with prior flotation before further routine extraction was conducted. It was important to establish whether intracellular T. gondii from sloughed infected feline epithelial cells in the feces would possibly be detected in other encysted amplified parasitic DNA. Specific primers for domestic cat DNA ( Felis catus ) based on mitochondrial DNA cytochrome b gene sequences, FC3-forward (5¢-GATGAAACTTCGGCTCCCTT-3¢) and FC-5R-reverse (5¢-CCGTCCCACATGTATGTACAGG-3¢) were used on positive T. gondii fecal extracts in reactions described. 33 Fragments of 212 basepairs were expected on examined gels.
RESULTS
Experimental infection of cats and examination of their feces collected daily for 35 days post-infection comprised the basis for the comparison of PCR with microscopy and bioassay for identification of potentially infective cats. Cats were infected by feeding with brains of seropositive mice that were also shown to be infected with T. gondii by PCR. Serum samples from three cats tested prior to infection by tissue cysts from brain material and 35 days thereafter by using MAT at a serum dilution of 1:25 showed seroconversion in all samples.
The results of the comparative examination of fecal samples from the experimentally infected cats examined by microscopy, bioassay, and copro-PCR are shown in Table 1 . Samples were examined continuously from day 1 through day 5 postinfection and subsequently at time intervals of 1, 2, 3, or 6 days. After copronegativity was detected twice by all tests with fecal samples collected at days 25 and 28 post-infection, one additional test was carried out on day 35. This testing sequence enabled detection of oocyst shedding from day 2 through day 24 post-infection.
Although microscopy identified oocyst shedding by cats only occasionally ( T. gondii -like oocysts were detected in only 8 of 42 samples tested during days 5-22 post-infection), results of bioassay and copro-PCR closely corresponded in detection consistency. In this regard and in the more sensitive detection by copro-PCR (where all three cats were positive in most cases than in the bioassay), copro-PCR was more sensitive and consistent than bioassay because it detected 27 (90%) of 30 experimentally infected cat fecal samples compared with 19 (70.4%) of 27 identified by bioassay ( Table 1 ) . Although these findings provide a comparative evaluation of the coprologic diagnostic tests used in terms of sensitivity and consistency, more tests are required to establish these findings by using different strains of T. gondii .
Positive PCR results for T. gondii were found in at least one of three mice brains on all but one (day 22 post-infection) groups tested. As shown in Table 1 , after day 24 post-infection, all PCR results on brain extractions (brain copro-PCR) and results of serologic tests for T. gondii in mice were negative.
T able 1 Comparison of PCR, bioassay, and microscopy after flotation of feces from Toxoplasma gondii infection of uninfected cats (three cats/ test/day) * * Copro-PCR = coprologic-polymerase chain reaction; -= all cats were negative; + = one cat was positive; ND = not done.
† Number of cats that showed seroconversion for at least one of three mice fed oocysts by gavage. 1 Their presence can be determined directly by microscopy (albeit without species specificity) and by bioassay after treating them with sulfuric acid, in which infectivity is demonstrated by definition of a bioassay. In the case of copro-PCR, asserting the presence of oocysts as a source of a positive result was required, given the known presence of sloughed parasitized epithelial cells or free non-encysted forms. 34 This test was conducted by applying different DNA harvest conditions and using unencysted forms as a control.
The effect of various DNA harvest conditions on T. gondii copro-PCR positivity of known encysted or non-encysted forms, in parallel with an unknown sample, is shown in Table 2 . Positive copro-PCR results were obtained in oocyst-spiked feces only after flotation and mechanical disruption were performed prior to further extraction. When tachyzoites were spiked into negative feces, copro-PCR results were positive whether or not mechanical forces applied, but only if flotation was not applied prior to the DNA extraction process. This finding indicates that copro-PCR-positive results for T. gondii were not detected for extracts of the upper portion when flotation was applied in tachyzoite-spiked feces. When extractions were performed on fecal samples from infected cats (five samples) on days in which cats had positive copro-PCR results for T. gondii , extraction required flotation and mechanical disruption of oocysts to give positive results for parasite DNA.
Cat-specific primers amplified cat-specific DNA in all feline fecal samples after fecal flotation. Therefore, the presence of cat DNA, which suggests the presence of gut epithelial cells in fecal samples, is irrelevant to positivity of copro-PCR. The method stands out as one which is suitable for differentially identifying oocysts.
DISCUSSION
If one considers the comparative sensitivity of coprodiagnostic methods used for identification of cats infected with T. gondii , the sensitivity of the copro-PCR is superior to the sensitivity of microscopic detection of oocysts as reported by other investigators: 1,000 oocysts per gram of feces detected by Dubey JP (unpublished data) and 250 oocysts per gram of feces detected by Rothe and others. 35 Microscopic detection of oocysts can at best identify oocysts as Toxoplasma -like. 36 In the present study, in which mice were infected with mouse brain tissue containing the VEG strain of T. gondii , it was not possible to consistently detect T. gondii oocysts by microscopy compared with copro-PCR or bioassay. Clearly, detection sensitivity by microscopy is low and varies depending on those performing the test. The copro-PCR, by the nature of the technology, is highly reproducible and objective, as suggested by results obtained when multiple samples were examined in this study and in other spiking experiments. 27 By comparison, the bioassay for testing mice, although potentially able to detect one oocyst per infective dose 24, 37 is cumbersome, expensive, and usually requires six weeks before tissue cysts can be observed. 27 Therefore, it cannot be considered suitable for large-scale screening. Because all animals used in the bioassay may not all be infected, 24 a number of mice would be necessary for each result. Conversely, the copro-PCR can be considered more suitable for large-scale screening because of ease in handling of a large number of samples and the short time required for obtaining results with high detection sensitivity, specificity, and reproducibility.
PCR has been shown to be more sensitive for detection of other organisms when compared to other methods. 31 Although infected cats usually shed oocysts for approximately 2-3 weeks, 1, 20 it was possible to obtain positive bioassay and copro-PCR results from fecal samples of experimentally infected cats for as long as 22 days post-infection ( Table 1 ) . After infection by meat containing T. gondii tissue cysts, most cats will shed oocysts between 3-10 days post-exposure. 27 It was possible to detect T. gondii -specific DNA in feline fecal extractions as early as two days post-exposure after feeding T. gondii -infected mouse brain material to cats. Mice that were infected orally with fecal float material showed positive PCR results for brain extractions or seroconverted consistently on or after two days post-infection of cats ( Table 1 ) . These findings were observed until 24 days post-infection, after which time mice showed no evidence of infection with T. gondii ( Table 1 ) . Positive PCR results for brain tissue of bioassayed mice corresponded with their positive T. gondii IgG serologic results as far as identification of at least one infected cat per day examined. Copro-PCR results correlated with bioassay results and the copro-PCR was more sensitive ( Table 1 ). The copro-PCR method was far superior to microscopy by all criteria tested.
Feces of cats infected with T. gondii may contain infected enteric epithelial cells 34 that are periodically shed, and these cells are present in the intestinal fecal contents because enteric sexual forms of Toxoplasma exist before oocysts are shed and persist in intestines of cats for several months after infection. 38 Infected cells would float in the Sheather's solution, as was shown in experiments on copro-PCR extracts using cat-specific primers ( Table 2 ) . Thus, these cells would be available for further extraction in the test protocol used. However, in the experiment in which different DNA harvesting conditions were applied to determine T. gondii copro-PCR positivity, 529-basepair PCR results specific for T. gondii were not seen when mechanical vortexing and freezing-thawing steps were not applied to the samples in the test protocol ( Table 2 ) , a critical stage of the initial disruption of oocysts prior to routine DNA extraction. Thus, the DNA extracted was not from sloughed intracellular parasites within the stool but from oocysts. Therefore, the high sensitivity of the copro-PCR cannot be caused by infected epithelial cells. Also, unencysted forms (free bradyzoites, sporozoites, and tachyzoites) would not have been isolated in the pre-extraction preparation because it was observed that DNA from tachyzoites spiked into parasite-negative feces did not produce positive PCR results when the complete test protocol was applied ( Table 2 ) . Specifically, PCR signals were not detected in tachyzoitespiked fecal samples if flotation in Sheather's solution was applied ( Table 2 ) . It can be concluded from these experiments that copro-PCR results were specific for oocysts and not for other non-encysted parasitic forms. This finding indicates that the copro-PCR is suitable for identification of infective cats. This detection was previously possible only by bioassay, which detects infective forms. The difference between these two tests in detecting infective cats lies in the last step preceding the bioassay (but not necessarily in PCR performed on fresh fecal material), namely sporulation of oocysts. Essential differences in the three coprodetection methods available for T. gondii are shown in Table 3 .
Detecting infection in bioassayed mice was successful when PCR was used with brain extracts. Positive serologic results for T. gondii and identification of tissue cysts in unstained impression smears are used routinely to detect T. gondii infection in mice by bioassay. Microscopic examination of tissue sections has been shown to be less sensitive than PCR, even for sections that have been stained. 30 Thus, we recommend that PCR testing of brain extracts be used for identification of infected bioassayed animals, in addition serologic tests, especially by less experienced personnel.
Because oocyst ingestion in animals and humans may induce more severe disease than that derived from infected meat, 27, 39 development of a sensitive and specific copromolecular assay to detect infective cats is important and integral for epidemiologic studies and for assessing potential danger of shedding cats for pet owners. This sensitive, specific, and robust assay reduces the misclassification of potentially infective cats and the requirement for specialized personnel for epidemiologic surveys. Furthermore, it may be used for the assessment of drugs used to prevent oocyst shedding by T. gondii -infected cats 40 or for monitoring the effectiveness of potential vaccines that would limit oocyst shedding in cats. 41 The results of the present study demonstrate the sensitivity, consistency, and infective-stage specificity of the copro-PCR. When combined with the previously demonstrated test sensitivity and specificity, 27 it can be concluded that the copro-PCR is at least as sensitive, consistent, and infective stage-specific as the bioassay. Therefore, we propose that the copro-PCR be used as the new gold standard for determining potential cat infectivity. 
